Abstract. Antimicrobial peptides are an important defense weapon of many organisms, which attack the membrane of bacteria, leading to inhibition of bacterial growth and finally, bacterial death. Despite their ancient origin, it is difficult for bacteria to develop resistance against these peptides. This makes antimicrobial peptides a promising candidate for new drugs against microbial diseases. The target of these peptides is lipopolysaccharides (LPS), which are the major component of the outer membrane of Gram-negative bacteria. Known peptide structures and computational models show an amphipathic cationic pattern BHPHB (B: basic; H: hydrophobic; P: polar residue, respectively), which is the possible binding site of antimicrobial peptides to LPS. A cyclic amphipathic cationic 19-residue peptide (V4) with one disulfide bond has been designed (Frecer et al., unpublished data), which has potential antimicrobial activity. Circular dichroism measurements showed that V4 has a β-sheet structure. The interaction of a fluorophore labeled-V4 with LPS has been investigated by fluorescence correlation spectroscopy (FCS). The study demonstrated that V4 can specifically bind LPS, in contrast to zwitterionic phosphatidylcholine (PC) of eukaryotic cells. FCS makes it possible to study the binding between peptide and LPS at low concentration in vitro. The dissociation constant of the peptide and LPS was obtained using this technique.
INTRODUCTION
Antimicrobial peptides (AMPs) play a vital function in biological processes of host defense systems and innate immunity. Their ability to rapidly defend against infection by a broad range of bacteria confers significant antibiotic properties on these AMPs against invading microbes. AMPs are widely found in insects, amphibians, and mammals, including humans [1] [2] [3] [4] . More than 500 AMPs have been discovered. However, many of these peptides have membrane-lytic ability against eucaryotic cells or prokaryotic cells, or both [5] . Many characteristics of AMPs have been investigated and more derivatives based on the natural peptides, whose antimicrobial activity is increased, have been designed. These AMPs mainly attack bacterial membrane and form pores leading to membrane permeabilization and finally, bacterial death. Great efforts have been exerted on unraveling the mechanism by which, the AMPs associate specifically with bacterial membrane, and the optimization of the orientation when binding to membranes, to induce pores [6] . The maintenance of antimicrobial activity of D-amino acid enantiomers and L-amino acid enantiomers indicates that there is no stereospecific interaction with antimicrobial activity [7] .
Previous studies have shown that most natural AMPs are net positively charged, and also harbor some hydrophobic amino acid residues, in spite of considerable variation in primary structure and length [6] . The AMPs are cationic under physiological conditions and amphipathic structures are formed, when they approach and bind to bacterial membranes. Electrostatic and hydrophobic interactions drive the above process. The AMPs can be divided into two main structural classes. An α-helix conformation is adopted by most AMPs, when they bind to membranes. These linear peptides have no structure in solution, but when they are in a hydrophobic environment such as a membrane, in lipid or detergent, an α-helix conformation is induced. Examples of this class include insect cecropins [8] , frog magainins [4] , and human cathelicidins [9] . The second structural class comprises of peptides with β-sheet structures, which usually possess disulfide bonds, which stabilize the conformation. Mammalian defensins [10] and protegrins [11] belong to this class. Two main mechanisms are proposed to explain how α-helical antimicrobial peptides lyse the bacterial membranes. In the "barrel-stave" model [12] , the amphipathic α-helices insert into the hydrophobic core of the membrane and form transmembrane pores with the hydrophobic part of the peptide "attaching" to the lipid, and the hydrophilic part of peptides pointing inward, forming an aqueous pore [5] . In this case, the mechanism of interaction between the AMPs and bacterial membranes is mainly dependent on hydrophobic interactions, and net charge is less important. In the "carpet" mechanism [13, 14] , AMPs bind to the head group of membrane lipids and initially, cover the surface of the membrane. When the local concentration of AMPs reaches a threshold value, they disrupt the membrane, and make it permeable. This process is initially driven by electrostatic interactions, and therefore, net positively charged peptides are required. The main target of AMPs is lipopolysaccharides (LPS), which are the major component of the outer membrane of Gram-negative bacteria. The release of LPS within the host can cause severe bacterial sepsis [15] . LPS, which is negatively charged is composed of three parts: O-antigen, polysaccharide, and lipid A. Lipid A is the bioactive component of LPS, which is responsible for most of the endotoxic effects. It has been shown that lipid A is the main interacting partner with AMPs. Known peptide structures and computational models show an amphipathic cationic pattern BHPHB (B: basic; H: hydrophobic; P: polar residue, respectively), which is the possible binding site of AMPs to LPS. Therefore, a cyclic amphipathic cationic 19-residue peptide named V4, with one disulfide bond has been designed [15] . It has potential antimicrobial activity. The sequence of V4 is CVKVQVKVGSGVKVQVKVC with cyclization by a disulfide bond at two cysteines (C). Four lysines (K) residues provide high net positive charge and eight valines (V) residues make this peptide highly hydrophobic. Circular dichroism (CD) measurements showed that the peptide has a β-sheet structure in water [15] .
The interaction between AMPs and bacterial membranes has been investigated by a variety of techniques. CD spectra offers information about the secondary structure of peptides before, and after binding to membrane, and has became a popular technique in studying AMPs. Several organic solvents and detergents are used to mimic the hydrophobic membrane environment, as well as a variety of lipids [16] . Nuclear magnetic resonance (NMR), especially solid-state NMR, can also give information about the conformation a peptide adopts when binding to lipids. Cecropin A has been reported to adopt a helix-turn-helix conformation in the aqueous hexafluoroisopropanol using NMR [17] . Other methods such as attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), fluorescence spectroscopy, reversed phase-high performance liquid chromatography, surface plasmon resonance, Raman spectroscopy, and oriented circular dichroism (OCD) spectroscopy (reviews in [16, 17] ) are also been applied to study the binding interaction. Fluorescence correlation spectroscopy (FCS) is a single molecule sensitive technique, which can measure biomolecular interactions in concentration ranges between 0.1 nM up to several µM. FCS can measure in extremely small volumes (~µ L) and gives access to diffusion coefficients, and concentrations with very high resolutions. This is achieved by using a diffraction limited confocal volume. In this study, we labeled the V4 peptide with tetramethylrhodamine (TMR) and investigated the interaction of V4 peptide and LPS using FCS, which provides new information about artificial antimicrobial peptide.
MATERIALS AND METHOD

Materials
Rhodamine 6G chloride and TMR were purchased from Molecular Probes (ITS Science and Medical Pte Ltd, Singapore). LPS from Escherichia coli strain 0111:B4, Lipid A from Escherichia coli strain F583, and PBS buffer were purchased from Sigma-Aldrich. DMSO was purchased from Mallinckrodt Baker, Inc. PC was purchased from Avanti polar lipids, Inc. V4-TMR at 75% purity was synthesized by Genemed Synthesis, Inc, USA. The purity was checked by reversed-phase HPLC and MS. The N-terminus was labeled with TMR. The stock solution of peptide was prepared as a 2mM solution in DMSO and stored at -20°C in small aliquots until further use.
FCS Instrumentation
FCS experiments were performed using a Zeiss microscope. The laser beam was focused on the samples using a water immersion objective (C-Apochromat, 63×, NA 1.2). A dichroic filter (570DRLP) and an emitter (595AF30) were used to separate the excitation light from the emission fluorescence. The samples were excited with the 530nm line of laser. The power used in the experiments was 100 µW. A pinhole in the image plane was placed to block the fluorescence that was not from the focal region. The emitted fluorescence was detected by an avalanche photo diode (APD) (PerkinElmer) detector and then the signals were sent to a digital correlator (www.correlator.com) to be autocorrelated.
FCS Data Evaluation
FCS analyzes the intensity fluctuation of fluorescence caused by minute deviations from thermal equilibrium. Fluctuations in the fluorescence signal are quantified by temporally autocorrelating the recorded intensity signal [18] [19] [20] [21] (Review: [22] ). The fluorescence intensity fluctuation can be analyzed using a fluorescence intensity autocorrelation function (ACF) which is calculated by [19, 23] ( ) (
The brackets describe a time average, F is the fluorescence signal as a function of time, and τ is the correlation time. δF is the fluorescence fluctuations around the mean value. The Brownian motion of particles in a three-dimensional Gaussian volume can be described by the correlation function with [24] .
N is the number of particles in the confocal volume, D is the diffusion coefficient, ω and z is the radius and axial radii of the laser beam. Diffusion time, τ D is defined by:
Therefore, equation (3) can be substituted into equation (2) and get:
When there are more than two kinds of species in the confocal volume, the intensity autocorrelation function can be analyzed by the following equation [23] .
is diffusion time of species j, N j is the average number of molecules of species j in the confocal volume, D j is the diffusion coefficient of species j, Q j is the fluorescence yield, σ j is the absorption cross section, η j is the fluorescence quantum yield, and g j is the fluorescence detection efficiency of species j with the setup. The program Igor Pro 4.0 (Wavemetrics, Lake Oswego, OR ,USA) was used for the fitting of the autocorrelation function to experimental data. [25] .
FCS Experiment
Stock V4-TMR peptide in DMSO (2mM) was diluted with PBS (PH=7.4) to 100 or 200nM. LPS were dissolved in PBS to different concentrations (50, 100, 200, 500, 1000, 2000, and 10000 nM). The mixture of peptide and different concentrations of LPS were incubated for over 4 hours to reach the equilibrium. The dissociation constant Kd can be calculated by the following equation [26] : PL* is the concentration of bound peptide at equilibrium, Pt is the concentration of total concentration of V4-TMR peptide, Lt* is the total concentration of LPS, and y is the fraction of bound peptide.
RESULTS AND DISCUSSION
The confocal volume was determined to be 0.6 fl by calibration with a solution of 1nM rhodamine 6G. From the diffusion time of rhodamine 6G of 52.6±0.7 µs and the diffusion coefficient D of 280 µm 2 /s, the radii ω of 0.24 µm, and z of 0.96 µm were determined.
V4-TMR peptide showed strong quenching in the PBS buffer compared to a pure TMR solution of equal concentration. We compared the correlation curve of 1 nM TMR, and 100 nM V4-TMR in PBS buffer (Figure 1 ). For 1 nM TMR, experiments showed an average value of 0.438 particles in the confocal volume, a diffusion time of 57.1±0.1 µs, and an average intensity per particle of 58.7 kHz. For 100 nM V4-TMR peptide, there were only 0.075 particles in the same confocal volume, the diffusion time was 58.4±0.6 µs, and the intensity per particle was 60.4 kHz. Since the characteristic diffusion time and the counts per particle per second are the same in both cases, we suggest that V4-TMR is completely quenched in aqueous solutions, and the fluorescence measured is exclusively attributable to free TMR molecules. Comparing the numbers of particles seen in the two solutions (0.438 for 1 nM TMR, and 0.075 for 100 nM V4-TMR), the proposed impurity of TMR would be 0.17%, which is well within the limits of the manufacturer. When LPS or lipid A was added to the V4-TMR solution, the fluorescence intensity increased, the number of fluorescent particle increased, and a longer diffusion time was observed. Therefore, we used in all FCS experiments a two species model for data fitting, where one species represents the TMR impurities, and the other species the bound V4-TMR/LPS or V4-TMR/lipid A complexes. Non-bound V4-TMR could not be seen. The intensity per particle of the mixture of V4-TMR with LPS and mixture of V4-TMR with lipid A were determined to be 103, and 109 kHz/molecule respectively, which are much higher than that of the peptide alone. The diffusion times for the V4-TMR/LPS or V4-TMR/lipid A complexes are both on the order of 1 to 2 ms. The diffusion coefficient of bound V4-TMR peptide can thus be calculated to 11.3 µm 2 /s. Electrostatic and hydrophobic interactions are predominant forces driving the binding between antimicrobial peptides and membranes. Compared to phosphatidylcholine (PC, lipids found for instance in cytoplasmic membranes) a zwitterionic lipid, the binding interaction between peptide and LPS or lipid A which are both negatively charged is much stronger. Maximum binding of V4-TMR to LPS was reached at a concentration of 10 µM of LPS. At the same concentration of lipid A and PC, the binding was reduced by 25 and 90 %, respectively ( Table 1 ). The fact that more peptides bind to the negatively charged lipids shows that electrostatic interaction plays an important role in this process. When peptides bind to the LPS or lipid A, the intensity of fluorescence emitted from the confocal volume increased considerably, and the particles in the confocal volume increased as well ( Figure 4 and Table 1 ). This rise in intensity and increase in observed numbers of particles can be explained by two effects: i) The interaction of V4-TMR and lipids leads to a disaggregation of V4-TMR clusters which previously exist due to the strong hydrophobicity of the peptide, and in which, TMR is strongly quenched. The disaggregation thus leads to an increase in fluorescence as well as an apparent increase in particles observed. ii) TMR comes into a different local environment upon binding (local pH, polarity) leading to an increase in its fluorescence yield. This is comparable to the increase of TMR fluorescence which can be observed upon dissolution in DMSO compared to water (data not shown). An LPS-concentration dependent experiment was performed to explore the dissociation constant of interaction of V4-TMR with LPS. The dependence of correlation function on the concentration of LPS is shown in Figure 2 . With increasing LPS concentration, the fluorescence intensity increased, and the amplitude of the correlation function decreased, which indicates that the number of particles in the confocal volume increased. At the same time, the shape of correlation curve changed with the second species becoming more and more important. 
CONCLUSION
The experiments demonstrate that the artificial V4 peptide can bind LPS and lipid A efficiently and the interaction can be studied by FCS. V4-TMR shows high selectivity in binding for different lipids. The high positive charge makes the peptide favor binding to negatively charged lipids such as LPS and lipid A, which provide good selectivity for bacterial membranes and cytoplasmic membranes. The high affinity for LPS (Kd = (3.34±0.47)×10 -7 M) makes this designed peptide a promising candidate for further investigation of antimicrobial activity. This study also suggests that FCS as a sensitive biophysical tool is suitable to study the interaction of antimicrobial peptides and lipids.
